The ionic mechanisms of amantadine-induced changes in membrane potential and automatic activity in guinea pig ventricular myocytes were studied using the suction-pipette whole-cell clamp method. While 25-100 /iM amantadine decreased the action potential amplitude and duration, 200 and 400 pM amantadine lengthened the action potential duration and decreased the maximum diastolic potential with an appearance of diastolic depolarization and automaticity. In the presence of 25-100 /xM amantadine, the preparations developed an afterpotential due to incomplete repolarization and a delayed afterdepolarization that eventually brought about triggered automaticity. The former type of afterpotential was abolished by tetrodotoxln (TTX) and the latter by Co 2+ . Spontaneous activity from the diastolic depolarization was also abolished by Co 2 The drug also has anticholinergic properties, blocking both the nicotinic and the muscarinic actions of acetylcholine.
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in any experiment. The recording chamber was set on the stage of an inverted phase-contrast microscope (Diaphot TMD, Nikon, Tokyo, Japan).
The composition of the Tyrode's solution was (mM) NaCl 144.0, NaH 2 
Recording of Membrane Potentials and Membrane Currents
The single-pipette whole-cell clamp method 12 was applied to single ventricular cells to record membrane potentials and currents by use of a patchclamp amplifier (model 8900, Dagan, Minneapolis, Minnesota). The method we used for obtaining electrical measurements from isolated myocytes has been described elsewhere. 9 - 10 Membrane potential and current signals were monitored by a storage oscilloscope (model VC 10, Nihon Kohden, Tokyo, Japan) and were recorded simultaneously on an FM tape recorder (model A-45, Sony, Tokyo, Japan). The signals were also digitized on-line with a 12-bit AD converter (model ADX-98, Canopus, Kobe, Japan) at a sampling frequency of 1 kHz and stored in a computer (model PC 9801, NEC, Tokyo, Japan) for later analysis.
The definition of delayed afterdepolarization was the same as that originally proposed by Cranefield. 13 The amplitude of the delayed afterdepolarization is denned as the difference between the peak of afterdepolarization and the minimum voltage level preceding afterdepolarization. The amplitude measurements of various current components were done as follows: 1) calcium current, the difference between the peak inward current and the holding current on depolarization from the holding potential at -30 mV in solutions containing external and internal Cs + in place of K + ; 2) late current, the current values at the end of pulses relative to zero current level; and 3) tail current, the difference between the peak of the tail current and the steady-state level on repolarization.
All values were expressed as mean±SEM. Statistical analysis was done by use of the paired or nonpaired f test at a significance level oip<0.05.
Results

Changes in Membrane Potential Induced by Amantadine
When 25-400 iiM amantadine was successively applied to guinea pig ventricular myocytes stimulated at a frequency of 0.067 Hz, the following changes in membrane potentials were observed. In the presence of 25-100 jiM amantadine, a mild reduction of the action potential amplitude (APA) and shortening of the action potential duration (APD) at both 20% (APDa,) and 90% repolarization (APD^) appeared without any significant change in the resting membrane potential (RMP) ( Figure 1A ). In 200 and 400 ^.M amantadine, the preparation developed not only a depolarization of the maximum diastolic potential (MDP), but also a slow diastolic depolarization ( Figure IB ) and spontaneous activity ( Figure  1C ). Changes in the action potential parameters in four preparations upon successive treatments with 25-400 JUM amantadine are shown in Table 1 . These changes appeared rapidly, becoming manifest after 2-3 minutes of application. Reductions in MDP and APA recovered to their control levels upon washout of the drug, while APD became shortened in comparison with the values before application of amantadine (Figure IB and Table 1) .
When the cells were stimulated at high frequency (2-4 Hz), additional changes were noted. Figure 2 demonstrates such changes in a preparation subjected to a train of 10 stimuli at 2 Hz. In solutions containing 25 and 50 /xM amantadine, MDP during the stimulation train decreased progressively with every action potential, and full repolarization was not achieved immediately after withdrawal of stimulation ( Figure 2B ), features that were never observed in the control (Figure 2A ). It was also noted that APD during the stimulation train was not shortened in the amantadine solution except for the first action potential. When 100 fiM amantadine was added, MDP during the stimulation was further decreased, and delayed afterdepolarizations (DAD) appeared after cessation of the stimulation ( Figure  2C ). In the presence of 200 fiM. amantadine, MDP became further depolarized, so that the DAD attained threshold, inducing triggered automaticity ( Figure 2D ). These changes were reversible upon washout of the drug ( Figure 2D ). Average membrane potential values in response to this train stimulation are summarized in Table 2 . In 25 ^M (six cells) and 50 /iM (four cells) amantadine, an afterpotential due to incomplete repolarization developed, as shown in Figure 2B . When 100 fiM amantadine was applied to 12 myocytes, five preparations exhibited afterpotentials similar to those shown in Figure 2B . Another five preparations developed depolarization of MDP to a value less negative than -70 mV during the train of stimulation and exhibited DAD after cessation, similar to those shown in Figure 2C . Two other preparations exhibited spontaneous rhythmic activity with diastolic depolarization. In the 200 JAM amantadine solution, four of 10 cells developed DAD, and three of the four showed DAD and triggered automaticity, like the case in Figure 2D . Six other preparations showed continuous rhythmic activity.
For examination of the ionic mechanisms of afterpotentials and automaticity, the effects of inhibitors of inward Ca 2+ and Na + currents were studied. When 2 mM Co 2+ , which blocks the calcium current (ica), was applied together with 100 ixM amantadine to a myocyte showing an afterpotential due to incomplete repolarization, its amplitude was decreased but not completely abolished. When 14 fiM TTX was further added to the test solution, the afterpotential was completely blocked, as seen in Figure 3A (1). These changes were reversible upon washout of Co 2+ and TTX as shown in Figure 3A (2). Effects of Co 2+ and TTX on the types of afterpotential shown in Figure 3A were confirmed in three preparations. In the preparations showing DAD and triggered automaticity, the application of 2 mM Co^ produced decreases in both the depolarization of MDP and the amplitude of DAD and abolished the triggered automaticity ( Figure 3B ). This result was confirmed in four cells. In the preparations showing spontaneous rhythmic activity, application of 2 mM Co 2+ caused a slowing and eventual abolition of automaticity. The effects appeared within 5 minutes of application in four preparations and were reversible upon washout of Co 2+ ( Figure 3C ). Changes in action potentials and development of afterpotentials as described above were similarly observed in the presence of 4 fxM propranolol and 1 iM atropine (not shown). These results were confirmed in three preparations. Figure 4 illustrates the changes in I Q in the presence of 25-200 fiM amantadine. Amantadine depressed the peak IQ, at 25 uM, and the degree of suppression was increased at higher concentrations without any change in the time course ( Figure 4A ). Amantadine depressed IQ, without any pronounced changes in its voltage dependence except for a slight negative shift of the reversal potential ( Figure  4B ). In the control, the reversal potential of IQ, was +49.8±2.3 mV and was shifted toward the negative direction by mean values of 2.8 and 7.8 mV in 25 and 200 fiM amantadine, respectively. Figure 4C shows a summary of the effects of amantadine on the peak 1^. Amantadine at 25 uM produced a significant depression of Ic, to 0.75±0.03% of control, and 100 and 200 uM amantadine further reduced the peak I & to 0.69±0.03% and 0.49±0.02%, respectively. Upon washout of the drug, the peak IQ, recovered to 87.8±9.4% of the control.
Effects of amantadine on K + currents were then examined in the low-Na + ,low-Ca 2+ solution, where the I Nl , I c , and Na + -Ca 2+ exchange current were assumed to be negligible. Figure 5 illustrates currents recorded upon stepping the voltage from a holding potential of -50 mV to various levels in different concentrations of amantadine. At -100 mV, amantadine produced a dose-dependent depression of the inward current. Further, the drug caused a time-dependent increase in the inward current during the pulse, whereas the current showed a decrease in the control. At -80 and -60 mV, the outward currents during the pulses were depressed, and the current became inward at the higher concentrations (100 and 200 p,M). The outward holding current at -50 mV was also suppressed in a dosedependent manner. At -30 mV, concentrations 
In 100 tiM amantadine, preparations were divided into two groups with or without DAD. Cells showing continuous rhythmic activity were omitted from data collection. RMP, resting membrane potential measured when cells were quiescent; MDP, maximum diastolic potential measured when cells showed spontaneous activity; DAD, delayed afterdepolarization; APA, action potential amplitude. current. Amantadine increased the tail current at voltages between -40 and +20 mV. The effects were more prominent at a low concentration (25 (M) than at higher ones (100 and 200 pM). At potentials more positive than +20 mV, the tail current was depressed, and the depression became prominent with increasing amantadine concentration. Figure 7C shows a summary of the effects of 25 nM amantadine on the tail current in seven experiments. The drug significantly increased the tail current at voltages between -30 and 0 mV. At voltages more positive than +40 mV, where the tail current became nearly maximal in our preparations, amantadine always caused a suppression of the current. Figure 7D presents the effects of amantadine on the maximal tail currents expressed as values relative to the control. Amantadine at 25 jxM decreased the tail current to 0.74±0.09 (/?<0.05) o f control, whereas 100 and 200 JAM amantadine depressed this current to 0.49±0.07 and 0.25±0.07 of control, respectively. Therefore, a higher concentration of the drug produced a stronger depression of the tail current.
A low concentration of amantadine increased the outward current during the depolarizing pulses at the plateau level as well as the tail current on lower than 100 fiM increased the outward current, whereas a high concentration (200 /xM) depressed it. Amantadine (25-200 fiM) increased the outward current with time-dependent decay at 0 mV. At +30 mV, 25 and 100 ^M amantadine produced an increase in the early current with depression of the late current during the depolarizing pulses. At potentials positive to -30 mV, the outward tail current on repolarization to -50 mV was also increased by amantadine, especially at 25 and 100 nM. Figure 6 shows the current-voltage relations obtained from the same experiment as that presented in Figure 5 . Amantadine depressed both the initial and late inward currents at potentials negative to -90 mV in a dose-dependent manner and also the outward currents between -80 and -30 mV. Between -20 and 4-20 mV, the drug produced an increase in the initial current, especially at concentrations lower than 100 fiM. The late current at +20 mV or more positive voltages was decreased in a dose-dependent manner. Results similar to those shown in Figures 5 and 6 were confirmed in four myocytes in the low-Na + ,low-Ca 2+ solutions containing choline chloride instead of NaCl. Figure  7A subsequent repolarization. These increases were also shown in low-Na + ,low-Ca 2+ solution containing low Cl~ (sucrose substituted for Na + ) with four preparations ( Figure 8A ). Transient outward current (I IO ) is not a prominent feature in guinea pig ventricular myocytes.
14 To test the possibility that amantadine activated I,,,, we examined the effect of 4-AP on the amantadine-induced outward current, since 2-4 mM 4-AP easily eliminates the Ca 2+ -insensitive 1^ in rabbit ventricular myocytes, which exhibited a time course of decay similar to that of the amantadine-induced outward current.
14 - 15 As can be seen in Figure 8A , 4-AP produced a partial and time-independent depression of the current during depolarization to +20 mV. Furthermore, it also caused suppression of the holding current at -48 mV, but left the timedependent decay of the outward tail current unaffected. Similar results were confirmed with five other myocytes in the low-Na + ,low-Ca 2+ solution containing either sucrose or choline instead of Na + . When 2-4 mM Co 2+ was applied to preparations showing increased outward currents due to amantadine at the plateau level, both the late cun-ent and the tail current were markedly suppressed, although the increased initial current remained ( Figure 8B) . Therefore, the current showed time-dependent decay in the Co 2+ solution. These results were confirmed in four preparations. In three other myocytes pretreated with Co 2+ , amantadine produced an increased outward current with time-dependent decay at the plateau level.
The results shown in Figures 5 and 6 suggest an additional effect of amantadine in another type of K + current: the inward rectifier K + current. The effect of the drug on this current was examined by hyperpolarization of the membrane from -30 mV in the presence of 30 fiM TTX and 4 mM Co 2+ . It was thought that this approach would clarify whether any change in the current during the hyperpolarizing pulses after application of amantadine was due mainly to a change in the inward rectifier K + current or the leak current component. In the control, the current records showed almost no time-dependent changes at potentials between -5 0 and -80 mV, while a timedependent decrease in the inward current developed at potentials negative to -90 mV ( Figure  9A ). In the presence of 100 pM amantadine (Figure 9B ), the outward current was substantially depressed without any prominent time-dependent changes at potentials between -50 and -70 mV. At -8 0 mV, the current became inward. At potentials negative to -90 mV, the inward current was also depressed. At -9 0 and -100 mV, the initial time-dependent portion was abolished, whereas a slow time-dependent increase in the inward current developed at -120 mV. The amantadinesensitive currents (AI) at each potential are shown in Figure 9C . At potentials positive to -80 mV, AI appeared as an outward current with negligible time-dependent changes, whereas there was a decreasing inward current with time at potentials more negative than -90 mV. AI showed reversed polarity at -85 mV, which coincided with the reversal potential of the late current in the control. Similar results were found in four myocytes.
Membrane Currents Underlying the Amantadine-induced Afterpotentials
Since amantadine induced Co 2+ -and TTXsensitive afterdepolarizations following the stimu- lated action potential ( Figures 3A and 3B) , changes in membrane current upon repolarization from depolarized states were examined. Figure 10A shows the current responses during the control, amantadine, amantadine plus Co 2+ , and amantadine plus Co 2+ plus '1'1'X treatments, in that order. The application of 100 (JLM amantadine produced a pronounced depression of the outward current at test voltages (V T ) between -50 and -80 mV and an inward current more negative than -90 mV. Thus, the amantadine-sensitive cun-ent changed its polarity at -85 mV in this case and at -87 mV on average in four myocytes. It was also noted that a timedependent decay of the outward current at V T = -60 mV, as seen in Figure 9A (2), was preserved in amantadine despite a substantial reduction of the total current. Further application of 14 /xM TTX caused a diminution of the inward current without any apparent time-dependent behavior at potentials positive to -80 mV and shifted the total current Initial Current B Late Current FIGURE Figure 5 . Initial current was measured using value after end ofcapacidve current; late current was plotted from values at end of2-second pulses. Figure 10A were confirmed in four myocytes. However, four other myocytes in the presence of 100 /xM amantadine and five cells in 200 /xM amantadine still exhibited the inward current at potentials more positive than -80 mV, and this current was not completely abolished by 30 fjM TTX. As shown in Figure 10B , the effect of amantadine was examined in the presence of 4 mM Co 2+ and 30 TTX. Amantadine at 100 fiM markedly decreased the outward current at potentials positive to -80 mV and the inward current at potentials negative to -90 mV. It was also noted that the current at -80 mV after amantadine treatment became inward even in the presence of 30 ^.M TTX. Similar results were confirmed in three myocytes. 
Effects of amantadine on current-voltage relation in Na^-free, Ca 3+ -free solution. Panel A shows initial current-voltage relation and panel B represents late current-voltage relation obtained from experiment in
Effects of Cs* on Spontaneous Activity and Time-Dependent Increase in the Inward Current Upon Hyperpolarization
Amantadine produced automatic activity as well as a tune-dependent increase in the inward current ( Figures 5 and 9) . These results may indicate that amantadine activates the pacemaker current on hyperpolarization (i f or i h ) 16 -17 as the basis of its induced automaticity. To examine this possibility, the effect of 5 mM Cs + , a blocker of i,, 17 on the spontaneous activity and membrane currents upon hyperpolarization was studied (Figure 11 ). When the myocyte developed spontaneous activity from an MDP of -54 mV in the presence of 200 jtM amantadine, 5 mM Cs + slowed the firing rate but did not abolish spontaneous activity ( Figure 11A ). In the same preparation, the changes in membrane current in response to 2-second hyperpolarizing pulses from the holding potential of 0 mV were examined ( Figure 11B ). In the presence of 200 amantadine, a time-dependent decay of the outward current or an increase in the inward current was seen at potentials between -40 and -80 mV. A nearly steady inward current at -90 mV and a time-dependent increase in the inward current at potentials more negative than -100 mV were activated. The application of Cs + decreased the total amplitude and eliminated the time-dependent increase in the inward current at potentials negative to -100 mV, whereas the time-dependent change and the inward current were preserved between -40 and -80 mV, although their amplitudes decreased. Changes similar to those shown in Figures 11A and 11B were confirmed in four preparations.
The time-dependent increase in the inward current at potentials negative to -100 mV was seen in the absence of external Na + ( Figure 12A ), but elimination of most of the external CT (<5 mM) abolished this current increase ( Figure 12B ). No increase in the inward current upon strong hyperpolarization was observed in the low-Na + (sucrose), low-Ca 2+ solution in four cells, whereas an increase was always seen in the choline solution ( Figure  12A ) (six cells) and in the normal Tyrode's solution (15 preparations) . The reversal potential of this time-dependent current was then determined. -free solution with voltage protocol shown in the inset. A time-dependent increase in the inward current was activated by hyperpolarization to -140 mV for 2 seconds from the holding potential at -80 mV in 200 fiM amantadine. Subsequent depolarization to various voltages induced time-dependent decay of the inward or outward current. The current reversed its polarity at -93 mV in this case. The mean value of three measurements using the normal Tyrode's solution and two measurements using the Na + -free solution was -94 mV. Furthermore, this timedependent current was markedly suppressed by the removal of external K + ( Figure 12D ). This result was confirmed in two other cells. Discussion Amantadine (25-400 fiM) produced marked changes in membrane potentials and currents in isolated ventricular myocytes from guinea pig hearts. These changes consisted of a decrease in the APA and shortening of the APD without any change in the RMP at drug concentrations lower than 100 ^.M, whereas higher concentrations caused a depolarization of MDP and lengthening of APD. In addition, the drug induced afterpotentials during and after repetitive stimulations, diastolic depolarization, and automaticity in nonpacemaking cells under physiological conditions. Amantadine exerted these effects through modification of several current systems such as the inward rectifier K + current, the timedependent outward currents, and the calcium cur- rent, along with activation of TTX-sensitive and TTX-insensitive inward currents.
Amantadine has been shown to release catecholamines from sympathetic nerve terminals 18 -20 and is also known to antagonize the action of acetylcholine. 3 . 4 -11 Therefore, these indirect actions of amantadine via the autonomic nervous system may modify the electrical activity of heart muscle. However, the above effects on membrane potentials and currents were observed with isolated myocytes free from the influence of nerve terminals and were also noted in the presence of propranolol and atropine. These results indicate that the above changes are caused not by the action of amantadine via the sympathetic or parasympathetic nervous system, but by its action through novel receptor on the ionic channels of cardiac membranes.
Amantadine produced dual actions on APD of ventricular myocytes depending on its concentration, although previous studies using multicellular preparations had disclosed only a prolonging action of the drug. 6 -7 The effect of amantadine on I a was shown to be a dose-dependent depression ( Figure  4) ; this was not in keeping with the changes observed in APD. It is noteworthy that APD during the repetitive stimulation was not shortened in the amantadine solution except for the first beat ( Figure   2B ). Ic, has been shown to increase its amplitude with rapid pulsation under certain conditions. 21 If this behavior of IQ, was a prominent feature of amantadine action, then the above change in APD could be explained by such changes in Ic,. However, we did not see any increase in IQ, during control trains (data not shown). Furthermore, an increased outward current with time-dependent decay was activated by amantadine at the plateau level, as discussed later. On the other hand, the outward current at the plateau level was increased by amantadine at a concentration of 100 fiM or lower, but was decreased at 200 fiM. The changes in the outward current matched those in APD. Since the changes in amantadine-induced outward current developed in the low-Na + ,low-Ca 2+ and low Cl~ solution, they could not have been caused by the Na + -Ca 2f exchange current or by the Cl" current, but rather by the K + currents. Several different types of K + currents are activated at the plateau level: the delayed outward K + current (I k ), the I, o , and the inward rectifier K + current. The inward current at -100 mV, mostly representing the inward rectifier K + current, was depressed in a dose-dependent manner by amantadine. This current at the plateau level showed a negative slope with decreased amplitude and no time-dependent properties. 22 The application of 4-AP, which has been shown to completely abolish the Ca 2+ -insensitive I to in rabbit ventricular myocytes, 14 -15 did not cause total inhibition of the amantadineinduced outward current. There is another type of Iu, that is resistant to 4-AP and sensitive to Ca 2+ ; however, the Ca 2+ -sensitive I,,, has a much faster time course of decay (time constants, 10-20 msec) 15 than the amantadine-induced current. Therefore, a contribution of either the inward rectifier K + current or the Ca 2+ -sensitive and Ca 2+ -insensitive l w to the amantadine-induced outward current seems unlikely. The time-and voltage-dependent nature of the amantadine-induced current somewhat resembled I k , but the tail current on repolarization after depolarization to voltages as positive as +40 mV or more, where I k was almost fully activated, was depressed by the drug ( Figure 7D) . Elimination of the current by Co 2+ ( Figure 8B ), as well as the prominent increase at the plateau voltage with timedependent decay ( Figures 5 and 7) , does not fit the properties of any known K + current. Further study will be necessary for identification of the type of K + current activated by amantadine.
An additional striking effect of the drug was its ability to induce afterpotentials and automaticity. The amantadine-induced afterpotentials were composed of two types of change: 1) an afterpotential due to incomplete repolarization and 2) DAD. A TTX-sensitive inward current was involved in the former type of afterpotential, since the current was activated upon repolarization from the depolarized state and was blocked by TTX. Therefore, this inward current seems to represent a noninactivating portion or a window component of the fast Na + current. 23 -24 Although the afterdepolarization and most of the inward current on repolarization were blocked by TTX, the latter was not completely eliminated by TTX at a concentration as high as 30 ^M in some preparations, and it could still be activated in the low-Na + ,low-Ca 2+ solution containing either choline or sucrose instead of NaCl ( Figures 5, 9 , 11, and 12). Therefore, in addition to the TTX-sensitive current, amantadine activates the TTX-resistant inward current, which is not carried by Na + , Ca 2+ , or C\~. Although the exact nature of this inward current was not clarified, it was likely to represent a leak current because of its presence in the solutions containing only K + , Mg 2+ , choline chloride, or sucrose. Since the inward current in the low-Na + , low-Ca 2+ solution was more frequently observed in 200 than in 25 fiM amantadine (100% and 17%, respectively, among six preparations) and the RMP of these preparations in 200 fiM amantadine was depolarized to around -60 and -35 mV (see Figures 1 and 2 and Table 1 ), the current appeared to contribute to the depolarization of the diastolic potential at the high drug concentration. In skeletal muscle preparations, the amantadine-induced afterpotential has been shown to be TTX resistant, 5 whereas Salata et al 6 have reported that the afterpotentiaJ and automaticity induced by amantadine in various ventricular preparations were sensitive to TTX. It is probable, therefore, that amantadine activates two different types of inward current in cardiac cells.
DAD induced by amantadine was abolished by Co 2+ . Under voltage-clamp conditions, a decaying outward tail current, in addition to activation of the TTX-sensitive inward current, appeared on repolarization from depolarizing pulses. This outward tail current was considered to include mostly the amantadine-induced outward current at the plateau level, as mentioned above, and I k . Therefore, the time-dependent decay of these outward currents can contribute to an afterhyperpolarization with a subsequent slow depolarization, along with the activation of I^. In this sense, the amantadine-induced automaticity somewhat resembles that seen during current injection in ventricular preparations. 25 -26 From these results, it is apparent that the amantadine-induced afterpotentials and automaticity are determined not by a single ionic current, but by a combination of several ionic mechanisms. Furthermore, we did not see any activation of the transient inward current in any of the examined preparations exposed to amantadine, in contrast with the case observed in Ca 2+ -overloaded cells. 27 The properties of the amantadine-induced afterdepolarizations and diastolic depolarization resemble those induced by Ba 2 *.
28
' 29 The basic mechanism of action of Ba 2+ has recently been clarified and is attributed to its blocking and unblocking actions on the inward rectifier K + current, manifesting a voltageand time-dependent profile.
10
- 30 From the present experiments, the amantadine-induced afterpotential in a well-polarized state (more negative than -70 mV) differs from that induced by Ba 2+ even at the same level of potential, since the latter is always preceded by an afterhyperpolarization because of an increase in the amplitude of the outward tail current upon repolarization. 10 ' 30 A further difference between the two agents is that amantadine activates the TTX-sensitive inward current, whereas Ba 2+ does not. In this latter context, the action of amantadine resembles those of aconitine and veratrine on cardiac membranes. 31 ' 32 Therefore, amantadine shows an ability to induce two different types of afterpotential, forming abnormal automaticity with multiple involvement of the ionic current systems, and thus, it can be used as a unique experimental model for the study of cardiac arrhythmias.
Amantadine produced a time-dependent increase in the inward current at potentials more negative than -100 mV, although its total amplitude was decreased. This current resembles the hyperpolarization-activated pacemaker current, if, in some respects, solution. While the application of 5 mM Cs + blocked this time-dependent inward current, the amantadineinduced automaticity was not eliminated. These findings rule out the possibility that amantadine activates a latent pacemaker current i f . Furthermore, the timedependent inward current had a reversal potential at -94 mV in 4 mM [K + ]o and was largely abolished in the K + -free solution. These results indicate that the current representing the inward rectifier K + current acquired a time-dependent nature upon application of amantadine. These latter points further suggest that amantadine facilitates a time-dependent unblocking at potentials more negative than -100 mV or removes the current inactivation developing at these voltages. 33 This action of the drug was also influenced by the presence of external Cl", since the time-dependent change disappeared in the low-Cl" solution. Further study, by use of the single-channel recording technique, will be necessary for clarification of the precise mechanism of these time-dependent changes in the inward rectifier K + current after treatment with amantadine.
The clinical implications of this study are as yet uncertain. There seems to be no direct evidence for a high incidence of arrhythmias in patients taking amantadine for the treatment of parkinsonism or viral infection. However, the present results suggest that the drug may induce or perpetuate arrhythmias in association with increases in heart rate or tachycardia, since the development of afterpotentials and depolarization of MDP are somewhat activity dependent.
